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$5%SURFHVVDFFRUGLQJWR6DLWRHWDOLVDQDXVSLFLRXVSRVVLELOLW\WRSURGXFHXOWUDILQHJUDLQHG8)*VKHHW
PDWHULDO ZLWK RXWVWDQGLQJ PHFKDQLFDO SURSHUWLHV +RZHYHU UHJDUGLQJ DOXPLQXP DOOR\V RI WKH  VHULHV D
VLJQLILFDQWLQFUHDVHLQVWUHQJWKLVDFFRPSDQLHGE\DGHFUHDVHLQIRUPDELOLW\,QWKLVFRQWH[WWKH7DLORU+HDW7UHDWHG
%ODQNV7+7%WHFKQRORJ\DFFRUGLQJWR9ROOHUWVHQDQG/DQJHLVDJRRGSRVVLELOLW\WRLPSURYHWKHIRUPLQJ
EHKDYLRURIWKHUROOERQGHGVKHHWPDWHULDO7KHPXOWLOD\HUHGVKHHWPDWHULDOLVSURGXFHGLQDZDUPUROOLQJSURFHVV
XVLQJWKHDOXPLQXPDOOR\$$$IWHUZDUGVDFRPSUHKHQVLYHPDWHULDOFKDUDFWHUL]DWLRQLVFDUULHGRXWUHJDUGLQJ
WKHPHFKDQLFDOSURSHUWLHVDVZHOODVWKHERQGVWUHQJWKLQGHSHQGHQ\RIWKHKHDWWUHDWPHQWWHPSHUDWXUH7KHUHVXOWVRI
WKHPDWHULDOFKDUDFWHUL]DWLRQDUHVHWLQFRQWH[WZLWKWKHIRUPLQJRSHUDWLRQRIDQDLUEHQGLQJWHVW7KHEHQGLQJHGJHLV
ORFDOO\KHDWWUHDWHGXVLQJD1G<$*ODVHU
6WDWHRIWKHDUW
$FFXPXODWLYH5ROO%RQGLQJ$5%EHORQJVWR WKHVRFDOOHG6HYHUH3ODVWLF'HIRUPDWLRQ63'SURFHVVHV63'
WHFKQLTXHVDUHPHWDOIRUPLQJSURFHVVHVZKHUHDKLJKVWUDLQLVLPSRVHGRQDEXONRUVKHHWPHWDOZLWKRXWDVLJQLILFDQW
FKDQJHRIWKHRYHUDOOGLPHQVLRQV6DELURYHWDO$VLJQLILFDQWJUDLQUHILQHPHQWLVDFKLHYHGE\WKHKLJKVWUDLQV
LQRUGHUWRGHYHORSDQ8)*PLFURVWUXFWXUH7KH$5%SURFHVVZKLFKZDVGHYHORSHGE\6DLWRHWDOFRQVLVWV
RIWKUHHPDLQSURFHVVVWHSVDVLWLVSUHVHQWHGLQ)LJXUH)LUVWWKHUHLVDVXUIDFHWUHDWPHQWRIWKHVKHHWPDWHULDOXVLQJ
DZLUHEUXVKLQRUGHUWRGHFUHDVHWKHWKLFNQHVVRIWKHR[LGHOD\HUDQGWRLQFUHDVHWKHVXUIDFHURXJKQHVV$IWHUZDUGV
WZRVKHHWVDUHVWDFNHGRQWRSRIHDFKRWKHUZKLOHWKHSUHWUHDWHGVXUIDFHVDUHFRPELQHG7KHILQDOVWHSLVUHSUHVHQWHG
E\ WKH UROOLQJSURFHVV DW D W\SLFDO WKLFNQHVV UHGXFWLRQRIZKLFK FDXVHV ERQGLQJRI WKH VKHHWV7KLVSURFHVV
VHTXHQFHFDQEHUHSHDWHGVHYHUDOWLPHVLQRUGHUWRLQFUHDVHWKHVWUDLQZKLFKLVLQGXFHGLQWRWKHPDWHULDO7RSLFHWDO
 LQYHVWLJDWHG WKH HIIHFW RI GLIIHUHQW$5%F\FOHVRQ WKHPHFKDQLFDO SURSHUWLHVRI DQ DOXPLQXPDOOR\RI WKH
VHULHV$VLJQLILFDQWLQFUHDVHLQWKHVWUHQJWKRIWKHPDWHULDOFRXOGEHDFKLHYHGDIWHUDQGUROOLQJF\FOHV
+RZHYHUDPDMRUGHFUHDVHRIWKHHORQJDWLRQWRIDLOXUHLQGLFDWHVDSRRUIRUPLQJEHKDYLRURIWKHXOWUDILQHJUDLQHG
VKHHWV )RU WKH DSSOLFDELOLW\ RI $5% SURFHVVHG VKHHW PDWHULDO LQ IRUPLQJ RSHUDWLRQV DQ LPSURYHPHQW RI WKH
IRUPDELOLW\LVQHFHVVDU\


)LJ6FKHPDWLFUHSUHVHQWDWLRQRIWKH$FFXPXODWLYH5ROO%RQGLQJ$5%SURFHVVDFFRUGLQJWR6DLWRHWDO
7KHHIIHFWWKDWWKHVWUHQJWKRIDOXPLQXPDOOR\VRIWKHVHULHVFDQEHUHGXFHGZLWKWKHKHOSRIDVKRUWWHUP
KHDWWUHDWPHQWZDVILUVWGLVFRYHUHGE\+DDVHDQG:XUVW6XEVHTXHQWO\WKLVILQGLQJZDVXVHGE\9ROOHUWVHQ
DQG/DQJHLQRUGHUWRLPSURYHWKHIRUPDELOLW\RISUHFLSLWDWLRQKDUGHQDEOHDOXPLQXPDOOR\V7KHVKRUWWHUP
KHDW WUHDWPHQW FDXVHV D GLVVROXWLRQ RI WKH VWUHQJWKHQLQJ 0J6LFOXVWHUV 7KLV HQDEOHV D ORFDO DGDSWDWLRQ RI WKH
PDWHULDO SURSHUWLHV DFFRUGLQJ WR WKH 7DLORU +HDW 7UHDWHG %ODQNV 7HFKQRORJ\ 7+7% *HLJHU HW DO 
LQYHVWLJDWHGWKHHIIHFWRIDVKRUWWHUPKHDWWUHDWPHQWRQDQXOWUDILQHJUDLQHGDOXPLQXPDOOR\$$%HVLGHVWKH
ZHOONQRZQ GLVVROXWLRQ RI WKH 0J6LFOXVWHUV D UHFU\VWDOOL]DWLRQ RI WKH QDQRFU\VWDOOLQH JUDLQ VWUXFWXUH ZDV
GLVFRYHUHG &RQVHTXHQWO\ WKH DSSOLFDWLRQ RI WKH 7+7% WHFKQRORJ\ LV DOVR VXLWDEOH LQ RUGHU WR HQKDQFH WKH
IRUPDELOLW\RI$5%SURFHVVHGSUHFLSLWDWLRQKDUGHQDEOHDOXPLQXPDOOR\V7KHHIIHFWRIDORFDOKHDWWUHDWPHQWRQWKH
IRUPLQJEHKDYLRU RIPXOWLOD\HUHG VKHHWPDWHULDO LV SUHVHQWHGE\0DLHU HW DO %HQGLQJ H[SHULPHQWV RI 
OD\HUHGOD\HUHGDVZHOODVOD\HUHGVKHHWVRIWKHDOXPLQXPDOOR\$$ZHUHFDUULHGRXW$QHQKDQFHPHQW
RI WKH EHQGDELOLW\ GXH WR D ORFDO KHDW WUHDWPHQW RI WKH EHQGLQJ HGJHZDV LQYHVWLJDWHG+RZHYHU DQ LQIOXHQFH RI
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GLIIHUHQW WHPSHUDWXUHVZDV QRW LQYHVWLJDWHG DV LWZDV NHSW FRQVWDQW DW DERXW &)XUWKHUPRUH WKH HIIHFW RI D
VKRUWWHUPKHDWWUHDWPHQWRQWKHERQGLQJEHKDYLRURIPXOWLOD\HUHGVKHHWVLVQRWFDUDFWHUL]HG\HW
([SHULPHQWDOSURFHGXUH
3.1. Material 
:LWKLQ WKLV FRQWULEXWLRQ WKH DOXPLQXP DOOR\ $$ LV XVHG 7KH LQLWLDO VKHHW WKLFNQHVV LV PP DQG WKH
GLPHQVLRQRIWKHEODQNVSUHYLRXVWRWKHILUVWUROOLQJF\FOHLV[PP3ULRUWRWKHUROOERQGLQJSURFHVVWKH
VKHHW PDWHULDO LV VROXWLRQ DQQHDOHG LQ D IXUQDFH DW D WHPSHUDWXUH RI & IRU RQH KRXU DQG VXEVHTXHQWO\ DLU
TXHQFKHG7KHFKHPLFDOFRPSRVLWLRQRIWKHDOXPLQXPDOOR\$$LVJLYHQLQ7DEOH
7DEOH&KHPLFDOFRPSRVLWLRQRI$$LQZHLJKWSHUFHQW
$O 0J 6L )H &X 0Q &U =Q 7L
   PD[ PD[  PD[ PD[ PD[

3.2. Rolling process 
7KH$5%SURFHVVDVSUHVHQWHGLQ)LJXUHLVFDUULHGRXWRQDIRXUKLJKUROOLQJPLOO*HUG:ROIIENP*HUPDQ\
RIWKH1HXH0DWHULDOLHQ)UWK*PE+7KLVPDFKLQHHQDEOHVWKHSURGXFWLRQRIPXOWLOD\HUHGVKHHWVZLWKDPD[LPXP
ZLGWKRIPP)RUWKLVLQYHVWLJDWLRQWKHLQLWLDOVKHHWZLGWKLVVHWWRPP7KH$5%F\FOHLVUHSHDWHGIRU
WLPHV1LQRUGHUWRSURGXFHOD\HUHGVKHHWPDWHULDO)RUHDFKF\FOHWKHUROOLQJUHGXFWLRQLVNHSWFRQVWDQWDWD
OHYHORI7KHZRUNLQJUROOVDUHKHDWHGWRDWHPSHUDWXUHRI&DQGWKHUROOLQJVSHHGLVVHWWRPPLQ3ULRU
WRHDFKUROOLQJF\FOHWKHVXUIDFHRIWKHVKHHWVLVZLUHEUXVKHGGHJUHDVHGZLWKDFHWRQHDQGWZRVKHHWVDUHVWDFNHGRQ
WRSRIHDFKRWKHU$IWHUHDFKUROOLQJSURFHVVWKHHGJHVRIWKHEODQNVDUHFXWZLWKD&2ODVHU7UXPSI*HUPDQ\LQ
RUGHUWRPDLQWDLQUHFWDQJXODUEODQNVIRUHDFK$5%F\FOH
3.3. Material characterization 
7KHPXOWLOD\HUHG VKHHWPDWHULDOSURGXFHGZLWKLQ WKH$5%SURFHVV LV FKDUDFWHUL]HG LQGHSHQGHQF\RI WKHKHDW
WUHDWPHQW WHPSHUDWXUH 7HQVLOH WHVWV DFFRUGLQJ WR WKH VWDQGDUG 6(3 3X'$O DUH FDUULHG RXW LQ RUGHU WR
LQYHVWLJDWHWKHPHFKDQLFDOSURSHUWLHV7KHVSHFLPHQJHRPHWU\ZLWKDSDUDOOHOOHQJWKRIPPLVFKRVHQDFFRUGLQJ
WR',1(1DSSHQGL[$$XQLYHUVDOWHVWLQJPDFKLQHZLWKWDFWLOHVHQVRUVLVXVHGIRUWKHWHVWLQJ7KHKHDW
WUHDWPHQWRIWKHWHQVLOHVSHFLPHQLVFDUULHGRXWYLDDFRQGXFWLYHKHDWLQJGHYLFHZLWKWZRFRQWDFWSODWHVWRDFKLHYHD
KRPRJHQHRXVWHPSHUDWXUHGLVWULEXWLRQDFURVVWKHJHRPHWU\+HDWWUHDWPHQWWHPSHUDWXUHVRI&&&
& DQG & DUH FKRVHQ :LWKLQ WKLV WHPSHUDWXUH UDQJH D FKDQJH RI WKH PDWHULDO SURSHUWLHV LV H[SHFWHG
DFFRUGLQJWRWKHILQGLQJVRI*HLJHUHWDO7KHKROGLQJWLPHRIDVSHFLPHQEHWZHHQWKHKHDWHGFRQWDFWSODWHV
LVVHWWRVHFRQGVWRJXDUDQWHHDQHTXDOKHDWLQJDQGWKHWHPSHUDWXUHLVFRQWUROOHGZLWKWKHKHOSRIWKHUPRFRXSOHV
RQWKHFRQWDFWVXUIDFHV7KHWHQVLOHWHVWLQJLVFDUULHGRXWGLUHFWO\DIWHUDLUTXHQFKLQJRIWKHKHDWWUHDWHGVSHFLPHQV
0XOWLOD\HUHGVKHHWPDWHULDOZLWKRXWKHDWWUHDWPHQWLVXVHGDVDUHIHUHQFHIRUWKHFKDUDFWHUL]DWLRQRIWKHPHFKDQLFDO
SURSHUWLHV
%HVLGHV WKHPHFKDQLFDOSURSHUWLHV WKHTXDOLW\RI WKHERQGLQJRI WKHPXOWLOD\HUHGVKHHWVKDV WREH LQYHVWLJDWHG
VLQFH WKLV LV FUXFLDO LQ RUGHU WR SUHYHQW GHODPLQDWLRQ HIIHFWV LQ IRUPLQJ RSHUDWLRQV 7KH FKDUDFWHUL]DWLRQ RI WKH
ERQGLQJ TXDOLW\ LV FDUULHG RXW XVLQJ 7SHHO WHVWV DFFRUGLQJ WR ',1(1,62 ,Q WKH FRQWH[W RI WKLV
PHWKRGWKHSHHOVWUHQJWKRIWKHODVWERQGHGOD\HURIWKHOD\HUHGVKHHWPDWHULDOFDQEHLQYHVWLJDWHG5HFWDQJXODU
VSHFLPHQZLWKDGLPHQVLRQRI[PPDUHFXWRXWRIWKHPXOWLOD\HUHGEODQNXVLQJDPDQXDOSODWHVKHDU2QH
HQGRIWKHVSHFLPHQLVSHHOHGDQGWKHHGJHVDUHEHQWLQWKHRSSRVLWHGLUHFWLRQ7KHWDLOVDUHFODPSHGLQDXQLYHUVDO
WHVWLQJPDFKLQHDVSUHVHQWHG LQ)LJXUH7KHFURVVKHDGVSHHG LVVHW WRPPPLQ7KH LQYHVWLJDWLRQRI WKHSHHO
VWUHQJWKLVDOVRFDUULHGRXWLQGHSHQGHQF\RIDSULRUKHDWWUHDWPHQW+RZHYHUIRUWKH7SHHOVSHFLPHQD1G<$*
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ODVHU V\VWHPZLWK DPD[LPXPSRZHURI3/ N:DQGDZDYHOHQJWKRI Ȝ QP LVXVHG7KH ODVHURSWLFV LV
PRXQWHGRQDQLQGXVWULDOURERWZLWK'2)LQRUGHUWRUHDOL]HDIOH[LEOHEHDPJXLGDQFH7KHV\VWHPKDVD*DXVVLDQ
EHDPSURILOHZLWKDIRFDOGLDPHWHURIPP$OOVSHFLPHQVDUHFRDWHGZLWKJUDSKLWHSULRUWRWKHKHDWWUHDWPHQWLQ
RUGHUWRGHFUHDVHWKHUHIOHFWLYLW\RIWKHDOXPLQXPVXUIDFH7KHKHDWWUHDWPHQWWHPSHUDWXUHVDUHFKRVHQDFFRUGLQJWR
WKH WHQVLOH WHVWLQJZLWKLQ D UDQJH RI & WR &ZKLFK LV FRUUHVSRQGHQW WR D ODVHU SRZHU IURP : WR
:$WKHUPRJUDSKLFFDPHUD)/,56&ZKLFKLVPRXQWHGRQDVHFRQGLQGXVWULDOURERWLVXVHGWRFRQWURO
WKHKHDWWUHDWPHQWWHPSHUDWXUH$FFRUGLQJWR/HFKQHUHWDOWKHHPLVVLRQFRHIILFLHQWIRUWKHJUDSKLWHFRDWHG
VXUIDFHLVVHWWRH 7KHH[SHULPHQWDOVHWXSIRUDODVHUKHDWWUHDWPHQWLVSUHVHQWHGLQ)LJXUHE


)LJ([SHULPHQWDOVHWXSIRU7SHHOWHVW
3.4. Bending tests 
$LU EHQGLQJ WHVWV DUH FDUULHG RXW LQ RUGHU WR LQYHVWLJDWH WKH IRUPLQJ EHKDYLRU RI WKH OD\HUHG 1 VKHHW
PDWHULDO 6SHFLPHQV ZLWK D GLPHQVLRQ RI [PP DUH FXW RXW RI WKH VKHHW PDWHULDO ZLWK WKH EHQGLQJ HGJH
SDUDOOHO WR UROOLQJ GLUHFWLRQ 7KH H[SHULPHQWDO VHWXS LV SUHVHQWHG LQ )LJXUHD 7KH PD[LPXP EHQGLQJ DQJOH
ZKLFKFDQEHFDOFXODWHGDFFRUGLQJ WR',1(1,62 LVVHW WRDERXW7KHSXQFKYHORFLW\ LVPPV7KH
SODVWLF GHIRUPDWLRQ DW WKH XSSHU VLGH RI WKH VSHFLPHQV LV PHDVXUHG ZLWK DQ RSWLFDO VWUDLQ PHDVXUHPHQW V\VWHP
$5$0,6 6SHFLPHQVZLWKRXW D ORFDO KHDW WUHDWPHQW RI WKH EHQGLQJ HGJH DUH XVHG DV UHIHUHQFH IRU WKLV VHULHV RI
H[SHULPHQWV 7KH VKRUW WHUP KHDW WUHDWPHQW LV FDUULHG RXW XVLQJ WKH 1G<$* ODVHU V\VWHP DV GHVFULEHG LQ
FKDSWHUDQGSUHVHQWHG LQ)LJXUHE7KHIRFDOGLDPHWHURI WKH ODVHU LV VHW WRPPDQG WKHYHORFLW\RI WKH
ODVHURSWLFVLVPPV7KHVHSDUDPHWHUVJXDUDQWHHDVKRUWWHUPKHDWLQJDQGDOLPLWLQJRIWKHVRIWHQHGDUHDRIWKH
VSHFLPHQWRWKHEHQGLQJHGJH)RUWKLVLQYHVWLJDWLRQKHDWWUHDWPHQWWHPSHUDWXUHVRI&&DQG&DUH
WHVWHG$FFRUGLQJO\DODVHUSRZHURI::DQG:LVFKRVHQ7KHVSHFLPHQVDUHFRDWHGZLWKJUDSKLWH
DQGDWKHUPRJUDSKLFFDPHUD)/,56&LVXVHGWRPHDVXUHWKHWHPSHUDWXUH)RUHDFKSDUDPHWHUFRPELQDWLRQ
WKUHHWHVWVDUHFDUULHGRXWLQRUGHUWRJXDUDQWHHVWDWLVWLFDOFRYHUDJHRIWKHUHVXOWV


)LJD6FKHPDWLFUHSUHVHQWDWLRQRIWKHEHQGLQJWHVWE([SHULPHQWDOVHWXSIRUODVHUKHDWWUHDWPHQW
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5HVXOWVDQGGLVFXVVLRQ
7KH LQIOXHQFH RI D VKRUW WHUP KHDW WUHDWPHQW RQ WKH PHFKDQLFDO SURSHUWLHV RI D OD\HUHG SUHFLSLWDWLRQ
KDUGHQDEOH DOXPLQXP DOOR\ LV SUHVHQWHG LQ )LJXUHD $FFRUGLQJ WR *HLJHU HW DO  WKUHH PLFURVWUXFWXUDO
HIIHFWV FDQEH LGHQWLILHGGXH WR D VKRUW WHUPKHDW WUHDWPHQWRIQDQRFU\VWDOOLQHSUHFLSLWDWLRQKDUGHQDEOH DOXPLQXP
DOOR\V7KHVHDUHWKHUHFU\VWDOOL]DWLRQRIWKH8)*PLFURVWUXFWXUHDGHFUHDVHRIWKHGLVORFDWLRQGHQVLW\DVZHOODVWKH
GLVVROXWLRQRI0J6LSUHFLSLWDWLRQV7KHPXOWLOD\HUHGVSHFLPHQVZLWKRXWDKHDWWUHDWPHQWDUHFKDUDFWHUL]HGE\DKLJK
VWUHQJWKEXWD ORZIRUPDELOLW\7KH\LHOG VWUHQJWKDW URRP WHPSHUDWXUH LV03DDQG WKHXQLIRUPHORQJDWLRQ LV
RQO\DWDOHYHORI7KHPLFURVWUXFWXUHRIDQRQKHDWWUHDWHGVSHFLPHQLVSUHVHQWHGLQ)LJXUHE7KHUHE\QR
JUDLQ ERXQGDULHV FDQEH GHWHFWHGGXH WR WKH8)*PLFURVWUXFWXUH$ VKRUW WHUPKHDW WUHDWPHQW DW WHPSHUDWXUHV RI
& DQG&GRHVQRW OHDG WR D VLJQLILFDQW FKDQJHRI WKHPHFKDQLFDO SURSHUWLHV$V UHFU\VWDOOL]DWLRQ LV WKH
SUHGRPLQDQWVRIWHQLQJPHFKDQLVPIRU8)*VKHHWPDWHULDO6DELURYHWDODFFRUGLQJWRWKH+DOO3HWFKODZLW
OHDGVWRWKHFRQFOXVLRQWKDWWKHVHWHPSHUDWXUHVFRPELQHGZLWKDKROGLQJWLPHRIVGRHVQRWOHDGWRDUHFU\VWDOOL]HG
JUDLQVWUXFWXUH7KLVILQGLQJFDQEHFRQILUPHGE\ WKHGHSLFWHGPLFURVWUXFWXUH LQ)LJXUHEZKHUHDOVRQRJUDLQ
ERXQGDULHV FDQ EH GHWHFWHG $IWHU D KHDW WUHDWPHQW DW WHPSHUDWXUHV RI & DQG & WKH VWUHQJWK RI WKH
DOXPLQXP VKHHWV VXEVHTXHQWO\ GHFUHDVHV WR D \LHOG VWUHQJWK RI03D DQG WKHXQLIRUPHORQJDWLRQ LQFUHDVHV WR
0HUNOHLQDQG9RJWIRXQGRXWWKDWDKHDWWUHDWPHQWWHPSHUDWXUHRI&FRPELQHGZLWKDKROGLQJWLPH
RI RQO\ V DOUHDG\ FDXVHV UHFU\VWDOOL]DWLRQ HIIHFWV:LWKLQ WKLV LQYHVWLJDWLRQ WKH KROGLQJ WLPH LV VHW WR V DQG
WKHUHIRUHEHVLGHVRWKHUHIIHFWVOLNHWKHGLVVROXWLRQRIWKH0J6LSUHFLSLWDWLRQVDUHFU\VWDOOL]HGJUDLQVWUXFWXUHFDXVHV
WKHVRIWHQLQJRIWKHPDWHULDO7KHKLJKHVWKHDWWUHDWPHQWWHPSHUDWXUHRI&OHDGVWRDPDMRUFKDQJHUHJDUGLQJ
WKHPHFKDQLFDOSURSHUWLHV7KHXQLIRUPHORQJDWLRQ ULVHV WRD OHYHORIDQG WKH\LHOGVWUHQJWKGHFUHDVHV WR
03D/HFKQHUHWDOIRXQGRXWWKDWWKHVRIWHQLQJRIDFRQYHQWLRQDOSUHFLSLWDWLRQKDUGHQDEOHDOXPLQXPDOOR\
E\WKHGLVVROXWLRQRI0J6LFOXVWHUVFDQEHLQYHVWLJDWHGXSWRDWHPSHUDWXUHRI&+HDWWUHDWPHQWWHPSHUDWXUHV
EHWZHHQ & DQG & GLG QRW UHVXOW LQ IXUWKHU VRIWHQLQJ HIIHFWV 7KLV OHDGV WR WKH FRQFOXVLRQ WKDW
UHFU\VWDOOL]DWLRQ LV WKH SUHGRPLQDQW VRIWHQLQJ HIIHFW RI QDQRFU\VWDOOLQH VKHHW PDWHULDO HVSHFLDOO\ DW WHPSHUDWXUHV
DERYH&,Q)LJXUHEWKHPLFURVWUXFWXUHRIDVSHFLPHQDIWHUDKHDWWUHDWPHQWDW&LVSUHVHQWHG)RUWKH
UHIHUHQFHPDWHULDOLWLVQRWSRVVLEOHWRGHWHFWJUDLQERXQGDULHVGXHWRWKH8)*PLFURVWUXFWXUH7KHVSHFLPHQZKLFK
LVKHDWWUHDWHGDWDWHPSHUDWXUHRI&IRUDKROGLQJWLPHRIVUHVXOWVLQDUHFU\VWDOOL]HGJUDLQVWUXFWXUHZLWK
FOHDUO\UHFRJQL]DEOHJUDLQERXQGDULHV


)LJ,QIOXHQFHRIWKHKHDWWUHDWPHQWWHPSHUDWXUHRQDWKHPHFKDQLFDOSURSHUWLHVEWKHPLFURVWUXFWXUH
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$QRWKHULPSRUWDQWDVSHFWEHVLGHVWKHVRIWHQLQJHIIHFWLVWKHHYROXWLRQRIWKHXQLIRUPHORQJDWLRQGXHWRDORFDO
KHDWWUHDWPHQW$FFRUGLQJWR*HLJHUHWDOWKHGXFWLOLW\RIDFRQYHQWLRQDO$$DOXPLQXPDOOR\FDQQRWEH
HQKDQFHGE\WKHGLVVROXWLRQRIWKH0J6LFOXVWHUVXVLQJDVKRUWWHUPKHDWWUHDWPHQW0RUHRYHUWKHUHLVDGURSRIWKH
XQLIRUP HORQJDWLRQ DW KHDW WUHDWPHQW WHPSHUDWXUHV EHWZHHQ& DQG& ,Q FRQWUDVW IRU WKHPXOWLOD\HUHG
VKHHWV LQYHVWLJDWHGZLWKLQ WKLV FRQWULEXWLRQ LW LV SUHVHQWHG WKDW KHDWLQJ FDXVHV D VLJQLILFDQW LQFUHDVH UHJDUGLQJ WKH
XQLIRUP HORQJDWLRQ $W D KHDW WUHDWPHQW WHPSHUDWXUH RI & WKH HORQJDWLRQ LV LQFUHDVHG E\ DERXW 
FRPSDUHG WR WKH VSHFLPHQV ZLWKRXW KHDW WUHDWPHQW 7KHUHIRUH SULPDULO\ UHFU\VWDOOL]DWLRQ LQ FRPELQDWLRQ ZLWK
DQQHDOLQJ HIIHFWV ZKLFK FDXVH D GHFUHDVH RI WKH GLVORFDWLRQ GXH WR D VKRUW WHUP KHDW WUHDWPHQW DUH EHQHILFLDO
UHJDUGLQJWKHGXFWLOLW\RIWKHPXOWLOD\HUHGVKHHWPDWHULDO
%HVLGHVWKHLQIOXHQFHRIDVKRUWWHUPKHDWWUHDWPHQWRQWKHPHFKDQLFDOSURSHUWLHVWKHHIIHFWRQWKHERQGVWUHQJWK
LV LQYHVWLJDWHGZLWKLQ WKLV FRQWULEXWLRQ 7KH UHVXOWV DUH SUHVHQWHG LQ )LJXUH 7KH SHHO VWUHQJWK RI WKH UHIHUHQFH
PDWHULDOZLWKRXWDQ\KHDWWUHDWPHQWLV1PP$VKRUWWHUPODVHUKHDWWUHDWPHQWRIWKH7SHHOVSHFLPHQVOHDGV
WRDVXEVHTXHQWLQFUHDVHRIWKHSHHOVWUHQJWKZLWKDULVLQJWHPSHUDWXUH+RZHYHUDWWHPSHUDWXUHVRI&&
DQG & QR VLJQLILFDQW LQFUHDVH RI WKH ERQG VWUHQJWK FDQ EHGHWHFWHG$W D KHDW WUHDWPHQW RI & WKH SHHO
VWUHQJWKLQFUHDVHVWR1PP7KHPD[LPXPSHHOVWUHQJWKRI1PPLVPHDVXUHGDWDWHPSHUDWXUHRI
&7KLV UHSUHVHQWVD ULVHRIFRPSDUHG WR WKH UHIHUHQFHZLWKRXWDQ\KHDW WUHDWPHQW$FFRUGLQJ WR%D\
WKHERQGVWUHQJWKGXULQJUROOERQGLQJUHVXOWVIURPWZRUHODWHGIDFWRUV7KHVHDUHRQWKHRQHKDQGWKHDUHDRI
EDVHDOXPLQXPZKLFKLVH[SRVHGWKURXJKFUDFNVRIWKHR[LGHOD\HUDQGRQWKHRWKHUKDQGWKHQRUPDOFRQWDFWVWUHVVLQ
WKHUROOLQJJDS+RZHYHUWKHVHSDUDPHUVDUHQRWYDULHGZLWKLQWKLVLQYHVWLJDWLRQ7KHUHIRUHLWLVDQWLFLSDWHGWKDWWKH
LQFUHDVHRIWKHERQGVWUHQJWKLVFDXVHGE\GLIIXVLRQPHFKDQLVPVGXHWRWKHVKRUWWHUPODVHUKHDWWUHDWPHQW&RRSHU
DQG $OOZRRG  LQYHVWLJDWHG WKH VKHDU VWUHQJWK RI VROLG VWDWH ZHOGV RI DQ DOXPLQXP DOOR\ $$ LQ
GHSHQGHQF\ RI D YDULDWLRQ RI WKH SURFHVV WHPSHUDWXUH $ VXEVHTXHQW LQFUHDVH RI WKH WHPSHUDWXUH IURP URRP
WHPSHUDWXUH WR& UHVXOWHG LQ D ULVHRI WKHERQG VKHDU VWUHQJWK ,WZDV DOVR IRXQGRXW WKDW DQ LQFUHDVHRI WKH
SURFHVV WLPH IURP V WR V FDXVHG D KLJKHU ERQG VWUHQJWK :LWKLQ WKLV FRQWULEXWLRQ WKH VKRUW WHUP KHDW
WUHDWPHQWLVFDUULHGRXWDIWHUWKHUROOERQGLQJSURFHVV)XUWKHUPRUHKLJKHUKHDWWUHDWPHQWWHPSHUDWXUHVXSWR&
DQGDYHU\VKRUWKHDWLQSXWGXHWRWKHODVHULUUDGLDWLRQDUHGLIIHUHQWIURPWKHLQYHVWLJDWLRQRI&RRSHUDQG$OOZRRG
1HYHUWKHOHVVWKHPHFKDQLVPRIGLIIXVLRQVHHPVWREHWKHLQIOXHQFLQJIDFWRUZKLFKFDXVHVDQLQFUHDVHRIWKH
SHHOVWUHQJWKGXHWRDORFDOVKRUWWHUPKHDWWUHDWPHQWWKDWLVFDUULHGRXWDIWHUWKHUROOERQGLQJUHVSHFWLYHO\VROLGVWDWH
ZHOGLQJ SURFHVV LV DOUHDG\ ILQLVKHG 7KH VLJQLILFDQW HQKDQFHPHQW RI WKH SHHO VWUHQJWK DOVR KDV WR EH WDNHQ LQWR
DFFRXQWIRUWKHWDLORULQJRIPDWHULDOSURSHUWLHVRIPXOWLOD\HUHGVKHHWPDWHULDODFFRUGLQJWRWKH7+7%WHFKQRORJ\,Q
RUGHUWRSUHYHQWGHODPLQDWLRQHIIHFWVLQIRUPLQJRSHUDWLRQVDQLQFUHDVHRIWKHERQGVWUHQJWKLVSUHIHUUHG


)LJ,QIOXHQFHRIWKHKHDWWUHDWPHQWWHPSHUDWXUHRQWKHSHHOVWUHQJWK
7KHHIIHFWRIDORFDOODVHUKHDWWUHDWPHQWRQWKHIRUPDELOLW\RIPXOWLOD\HUHGVKHHWVLVLQYHVWLJDWHGZLWKWKHKHOSRI
DLUEHQGLQJWHVWV7KHEHQGLQJHGJHLVRULHQWDWHGSDUDOOHOWRWKHUROOLQJGLUHFWLRQRIWKH$5%SURFHVV,Q)LJXUHD
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WKH IDLOXUH LQ GHSHQGHQF\ RI WKH KHDW WUHDWPHQW WHPSHUDWXUH LV SUHVHQWHG ,Q WKLV FDVH IDLOXUH LV GHILQHG DV WKH
RFFXUUHQFH RI FUDFNV DQG GHODPLQDWLRQ RI WKH OD\HUV RI WKH VSHFLPHQV $ W\SLFDO FUDFN LQ FRPELQDWLRQ ZLWK
GHODPLQDWLRQRIWKHODVWERQGHGUHVSHFWLYHO\PLGGOHOD\HURIWKHVSHFLPHQZLWKRXWDQ\KHDWWUHDWPHQWLVGHSLFWHGLQ
WKH PLFURVFRSLF LPDJH LQ )LJXUHD $OO VSHFLPHQV ZLWKRXW KHDW WUHDWPHQW DV ZHOO DV WKH RQHV KHDWHG DW
WHPSHUDWXUHVRI&DQG&VKRZFUDFNLQJDQGGHODPLQDWLRQZLWKLQWKHEHQGLQJWHVW$IWHUDORFDOODVHUKHDW
WUHDWPHQWDWDWHPSHUDWXUHRI&QRIDLOXUHFDQEHGHWHFWHG'XULQJWKHEHQGLQJSURFHVVWKHSODVWLFGHIRUPDWLRQ
LVPHDVXUHGZLWKWKHKHOSRIDQRSWLFDOVWUDLQPHDVXUHPHQWV\VWHP$5$0,6,Q)LJXUHEWKHWUXHPDMRUVWUDLQLV
SUHVHQWHGDWDEHQGLQJDQJOHRIDQGIRURQHVSHFLPHQZLWKRXWKHDWWUHDWPHQWRIWKHEHQGLQJHGJHDVZHOODV
IRUDVSHFLPHQWKDWZDVKHDWWUHDWHGDWDWHPSHUDWXUHRI&)RUERWKEHQGLQJDQJOHVWKHPHDVXUHGVWUDLQVDUH
ODUJHUUHJDUGLQJWKHVSHFLPHQZLWKRXWDQ\KHDWWUHDWPHQW(VSHFLDOO\IRUDEHQGLQJDQJOHRIDQLQFUHDVHGVWUDLQ
ORFDOL]DWLRQDWWKHEHQGLQJHGJHFDQEHLGHQWLILHGIRUWKHQRQKHDWWUHDWHGVSHFLPHQ
$FFRUGLQJ WR WKHFKDUDFWHUL]DWLRQRI WKHPDWHULDOSURSHUWLHV LQGHSHQGHQF\RIDVKRUW WHUPKHDW WUHDWPHQW WKUHH
HIIHFWV DUH LGHQWLILHGZKLFK FDQ LQIOXHQFH WKH IRUPLQJ EHKDYLRU RI WKH LQYHVWLJDWHGPXOWLOD\HUHG VKHHWPDWHULDO
7KHUH LV WKHGHFUHDVH LQ VWUHQJWK WKH LQFUHDVHRI WKHXQLIRUPHORQJDWLRQ DQG WKH ULVHRI WKHERQG VWUHQJWKRI WKH
VKHHWV 7KH UHVXOWV UHJDUGLQJ IDLOXUH DQG VWUDLQ GLVWULEXWLRQ ZLWK UHVSHFW WR WKH EHQGLQJ WHVW LQGLFDWH WKDW WKH
EHQGDELOLW\ FDQ EH LPSURYHGZLWK WKH KHOS RI D ORFDO VKRUW WHUP KHDW WUHDWPHQW 7KH HIIHFW RI UHGXFHG VWUDLQV DV
SUHVHQWHG LQ )LJXUHE FDQ EH H[SODLQHGE\ WKH FKDQJH RI WKHPHFKDQLFDO SURSHUWLHV DW WKH ORFDOO\ KHDW WUHDWHG
EHQGLQJ HGJHDFFRUGLQJ WR)LJXUH7KH UHGXFHG VWUHQJWK DVZHOO DV WKH HQKDQFHGGXFWLOLW\ UHVXOW LQ DGHFUHDVHG
VWUDLQ ORFDOL]DWLRQ FRPSDUHG WR WKH QRQ KHDW WUHDWHG VSHFLPHQ DQG ORZHU VWUDLQV )XUWKHUPRUH WKH SUHYHQWLRQ RI
FUDFNLQJDQGGHODPLQDWLRQDWDKHDWWUHDWPHQWWHPSHUDWXUHRI&DVGHSLFWHGLQ)LJXUHDUHVXOWVEHVLGHVWKH
FKDQJHRIWKHPHFKDQLFDOSURSHUWLHVIURPWKHLPSURYHGSHHOVWUHQJWKDVSUHVHQWHGLQ)LJXUH+RZHYHUWKHHIIHFWV
RQWKHEHQGDELOLW\GXHWRDFKDQJHRIWKHPHFKDQLFDOSURSHUWLHVDVZHOODVWKHSHHOVWUHQJWKDIWHUDVKRUWWHUPKHDW
WUHDWPHQW FDQQRWEHFOHDUO\ VHSDUDWHG7KHUHIRUH LQ WKLV FDVH DQHQKDQFHPHQWRI WKH IRUPDELOLW\ DFFRUGLQJ WR WKH
7+7%WHFKQRORJ\FDQEHDFKLHYHGWKURXJKWKHEHQHILFLDOLQWHUDFWLRQRIORFDOO\DGDSWHGPHFKDQLFDOSURSHUWLHVZLWK
DQHQKDQFHGERQGVWUHQJWKRIWKHPXOWLOD\HUHGPDWHULDO

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)LJD%HQGLQJ±UHVXOWVUHJDUGLQJFUDFNVGHODPLQDWLRQDQG/0SLFWXUHVE6WUDLQGLVWULEXWLRQRQWKHEHQGLQJHGJHLQGHSHQGHQF\RIDORFDO
KHDWWUHDWPHQW
6XPPDU\DQG2XWORRN
7KHDSSOLFDWLRQRIWKH7+7%WHFKQRORJ\LVDQDXVSLFLRXVDSSURDFKWRSUHYHQWIDLOXUHOLNHFUDFNLQJZLWKLQVKHHW
PHWDOIRUPLQJRSHUDWLRQVHVSHFLDOO\LQFRPELQDWLRQZLWKSUHFLSLWDWLRQKDUGHQDEOHDOXPLQXPDOOR\V7KHGLVVROXWLRQ
RI WKH 0J6LFOXVWHUV OHDGV WR D GHFUHDVHG VWUHQJWK IRU FRQYHQWLRQDO  VHULHV DOXPLQXP DOOR\V )RU $5%
SURFHVVHGEODQNVZLWK D QDQRFU\VWDOOLQH JUDLQ VWUXFWXUH WKH DGGLWLRQDO HIIHFW RI D ORFDO UHFU\VWDOOL]DWLRQKDV WR EH
WDNHQLQWRDFFRXQW%HVLGHVVRIWHQLQJHIIHFWVDGLUHFWLQFUHDVHRIWKHGXFWLOLW\FDQEHDFKLHYHGIRUWKHKHDWWUHDWHG
DUHDVRIPXOWLOD\HUHGDOXPLQXPDOOR\V
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